Thermal emissivity of nuclear graphite was measured with its oxidation degree. Commercial nuclear graphites PECA, have been used as samples. Concave on graphites surface increased as its oxidation degree increased, and R value (Id/Ig) of the graphites decreased as the oxidation degree increased. The thermal emissivity increased depending on the decrease of the R (Id/Ig) value through Raman spectroscopy analysis. It was determined that the thermal emissivity was influenced by the crystallinity of the nuclear graphite.
Introduction
Graphite and carbon materials are well accepted as nuclear power or energy materials and their main usages are being expanded to coating materials for heat releases in electronic components of electronic devices or LED. In nuclear reactors, especially, graphite acts as a moderator and reflector as well as a major structural component mainly due to its excellent thermal, physical, chemical, and mechanical properties as well as high moderating ratio [1] .
In view of the safety of VHTR (very high temperature reactor) radiative core cooling capability in case of an accident (for example, primary coolant pipe rupture), the thermal emissivity of graphite grades is an important property to be considered for material selection. Since the heat generated from the nuclear fuel is continuously delivered to the outside of the pressure container by the graphite's thermal conductivity as well. In addition the VHTR is operated at the high temperature of 900 o C or higher, the non-active Ar or He gases are used for the vapor flowing to prevent oxidation of graphite [1] . It may, however, generate critical defects such as oxidation of the graphite when an extremely small amount of impure substance exists in the non-active gases during accident [2, 3] . Therefore the thermal emissivity of the graphite is very important for the drastic heat release. However there were very little studies done on the thermal emissivity of the nuclear graphite. Especially, there is little reported on the relationship between thermal emissivity and changes of crystallinity by oxidation of graphite.
On the other hand, the oxidation reaction of carbon based materials take place at the active sites preferentially. In addition to the active sites, the other factors affecting characteristics of oxidation reaction include microstructural characteristics related to the inhomogeneity occurring in the process of manufacture of the carbon materials [4] [5] [6] [7] [8] .
Artificial graphite is composed of binder, filler and crushed filler. Easily graphitized materials such as petroleum coke are commonly chosen as filler material in the manufacture of nuclear graphite [9] . The petroleum coke as a filler is expected to be fully graphitized after heat treatment at 3000 o C. On the other hand, different binder pitches have been used during nuclear graphite fabrication by different manufacturers. It was shown that the oxidation of nuclear graphite take place at binder phase preferentially to the coarse filler particles [10, 11] .
Many researchers have tried to interpret structural parameters of carbon materials via several analyzing techniques such as X-ray diffraction (XRD), high resolution transmission electron microscopy (HRTEM), high resolution scanning electron microscopy (HRSEM), scanning tunneling microscopy (STM) and Raman spectroscopy. Some researchers have reported articles using Raman apparatus for structural analysis of the carbon fiber [12] [13] [14] [15] . Koradatos reported that Raman spectroscopy could be used to evaluate the crystallinity of the produced CNTs. The spectrum shows two bands at 1360 cm −1 (D-band) and 1589 cm −1 (G-band), respectively. The high intensity of the G as compared with the D-band indicates a high degree of crystallinity [16] . And Schenze, Fisher, and Brendler reported the crystallinity of cellulose I by Raman spectroscopy. They said Raman crystallinity values of cellulose I formulated by Xc=(Ic/ Ic+Ia) 100 were developed [17] .
Recently, we reported the results of structural changes of high modulus carbon fibers and isotropic carbon fibers due to oxidation using Raman spectroscopy [18, 19] . Also we reported the relationship between emissivity and porosity changed by oxidation of nuclear graphite [20] . In this study the crystallinity of commercial nuclear graphite prepared by oxidation have been observed using laser Raman spectroscopy, and compared with microstructure.
Experimental

Specimens, oxidation processes and thermal emissivity measurement
The specimens used in this study are commercial nuclear graphites (IG-110, PCEA, IG-430, and NBG-18). The basic properties of nuclear graphites and methods for oxidation processes and thermal emissivity measurement were early reported [20] .
Microstructure observation
The change in microstructures of the specimen by oxidation reaction was observed by the scanning electron microscope (SEM) and magnification was 500 times. The SEM observations were conducted on 60 o tilted specimens to see surface morphologies more clearly.
Crystallinity using Raman spectroscopy
Raman spectroscopy was used to analyze the change of the crystallinity by oxidation of graphite. The Raman spectrometry (inVia System, Renishaw, France) uses the Ar laser (514.5 nm) as the light source. A 500X magnification microscope was used to select a point to focus laser beam spot on the graphites surface. The spot size of laser beam was about 1 µm in diameter. Extended scans from 500 to 2000 cm −1 were performed to obtain the 1st-order Raman bands of the graphites.
Highly ordered graphite shows only one band in the region of 1100 and 1700 cm −1 and shows the 2nd-order features between 2400 and 3300 cm . Therefore the characteristic Raman spectra for synthetic graphite show peaks at around 1350 cm −1 for disordered carbon (D band) and 1580 cm −1 for graphitized carbon (G band) [21] [22] [23] . The degree of graphitization may be estimated by examining the Raman spectra for a specimen. Relative intensity between G and D bands could be changed by heat treatments, crystallite size of the disordered carbon, and crystallinity. We introduce the intensity ratio(R) values from the 1st-order Raman bands that calculated by R=Id/Ig. The average value of crystallinity was achieved after measuring at 5 different positions on specimen surface following oxidation proceeds.
Results and Discussion
Thermal emissivity
As reported already the emissivity measurement result following the oxidation degree is summarized in Table 1 [20]. The thermal emissivity showed an increasing tendency as the porosity increased. Therefore it could be said that increases of porosity resulting from oxidation affect increases of thermal emissivity. Also the specimen with the highest thermal emissivity in Table 1 is 10% oxidized NBG-18 measured at 100 o C, but the decreasing rate may be higher depending on measuring temperatures.
Surface microstructure
The images taken at a magnification of x500 with the change of the surface structure following the oxidation degree of the nuclear graphite are shown at Fig. 1~4 . The concave on the surface increases as the oxidation degree increases. It means that the concave increases because the amorphous area is oxidized preferentially. 
Crystallinity
The change in the degree of intensity ratio(R) values following the oxidation degree is measured and it is shown in Table 2 and Fig. 5 . To get the R value, five measurements are averaged for each specimen.
In Fig. 3 and Table 2 there were not significant shift exist between the each positions of the D-(around 1357 cm ). The oxidation processes have almost no effect on the band positions.
Intensity ratios (R=Id/Ig) of D-and G-band of the graphites were varying in the range of 0.08 to 0.25. The R values decrease with degrees of oxidation.
It could be explained that the reason of non-shifting of Raman bands of graphite is caused by well ordered structure of graphites. The increase in crystallinity resulted from Raman analysis after oxidation was attributed to the selective oxidation of binder [10, 11] . The R value changes as a function of the oxidation degree is summarized in Fig. 6 . As the oxidation degree increases, the Id/Ig value decreases and it implies the increase of the crystallinity. It means that the binder with low crystallinity compared to the filler phase is oxidized first. Therefore, as the Raman result, the overall crystallinity of the specimen increase after the oxidation.
The relationship of all of the R value and thermal emissivity is demonstrated on Fig. 7 . As the crystallinity increases, the thermal emissivity also has the tendency of increasing as well. Therefore the emissivity revealed that increases in the crystallinity due to oxidation were responsible for the increase in emissivity after oxidation.
Conclusion
Thermal emissivities of nuclear graphites following changes in oxidation degrees were studied. The graphite was oxidized in air flow of 5l/min at 600 o C using a furnace, and the thermal emissivities were measured using an infrared spectrum analyzer. Microstructure and surface structure (crystallinity) following oxidation degrees were compared with thermal emissivity.
The concave on the surface increases as the oxidation degree increases. It was regarded that the concave increased because the amorphous area was oxidized preferentially. The R value (Id/Ig) of the nuclear graphite decreases as the oxidation degree increases, and the thermal emissivity increases depending on the decrease of the R value through Raman spectroscopy analysis.
Therefore it could be concluded that the crystallinity increase following oxidation degree of the nuclear graphite and the thermal emissivity increase would be similar tendency. It was determined that the thermal emissivity was influenced by the crystallinity of the nuclear graphite.
